I. Introduction
The impurity diffusion in Al has attracted attention of many workers, because such an investigation gives fundamental information to clarify the effect of impurities on many important phenomena, such as precipitation, recrystallization and high temperature mechanical properties, of Al alloys.
Al have shown that in the case of a low solid solubility in Al the diffusion coefficient is unusually low relative to the self-diffusion coefficient of Al. Impurities which fall under this category are V(3), Cr(4), Fe(1), Ni(1), CO(1), Pd(6), Nb(2), Mo(5), Cd(6), In (6) and Sn(6). However, recently, Agarwala(7) has reexamined the results on the diffusion of In and Sn in Al using the vacuum evaporation method in which irradiated In or Sn metal was evaporated on the electrolytically polished Al samples in a standard vacuum evaporating unit (vacuum 10-6 Torr.). The results show that the impurity diffusion coefficients of 14In and 113Sn in Al are approximate to the self-diffusion of Al and are very different from his earlier results(6) on a very dilute solution of nitrates containing 114In or 113Sn which was spread on the surface of the samples and dried. of grain boundary diffusion. One face of each specimen was carefully ground with silicon carbide paper, then polished by buffing and subsequently electropolished in a solution of ethyl-alcohol and perchloric acid to remove the aluminum oxide layer. The radioisotopes (196Au and 64Cu) in a dilute acid solution were supplied from Tokai Laboratory of Japan Atomic Energy Research Institute, and the electropolished flat surface of the specimen was electroplated. The thickness of the deposited layers was less than 500A and the measured activity was approximately 105 cpm. Special care was directed to prevent formation of oxide on the surface of the specimen during electroplating and before diffusion. The specimens were then annealed for diffusion in a silica tube containing purified argon. The temperature at all temperatures. After diffusion annealing for the allotted time, each specimen was analyzed by the residual-activity technique where thin layers from the specimen surface were removed successively by grinding them parallel to a flat surface. To count the total residual-activity. on the surface of the specimens after each grinding, a well-type Nal (TI) scintillation counter and 100-channel pulseheight analyzer were used. The channel width of the latter was adjusted to count the 7-radiation of an energy from 0.411 to 1.09 MeV for 198Au ( Fig. 1) and from 0.51 to 1.3 MeV for 64Cu (Fig. 2) . The thickness of the layer removed was measured by the weight loss method using a precision balance. For the obtained diffusivity, correction of the thermal expansion* of Al was carried out.
radioactive layer at the end of a sufficiently long rod, analyzed by the residual-activity technique(13) is given by
(1) radiation of 198Au or 64Cu in Al in cm-1, In is the surface activity in counts per unit time after a thickness Xn (cm) is removed, and C(Xn) is the radioactive concentration at a distance Xn from the original surface. D is the diffusion coefficient in cm2/sec, and t is the time of diffusion in see.
neglected. Then, C(Xn is proportional to (-dIn/IdXn), and the latter carrbe, determined graphically by plotting In vs. Xn The diffusion coefficient can be calculated from the plot of In(-dIn/dXn) vs. X2n using eq. (1). However, at low temperatures the plot cannot be drawn with one smooth curve as shown in Fig. 4 , on the diffuthe penetration curve consists of three regions; namely the region I (near-surface region with steep slope), the region II (situated between the region I and the region III) and the region III (region penetrated deeper with very gentle slope). The region I was distinctly observed at low temperatures, but it disappeared at high temperatures. When diffusion time was short, the initial drop in the region I (near-surface effect) was steep, while the region II was insignificant compared with the region III. In such a case, sometimes, during coarse grinding, the region II could be completely ground off leaving only the regions I and III. Fig. 5 shows a typical plot of log,, (-dIn/dXn) vs. X2n for the region II. Within experimental errors, a good linear relationship is obtained. From the slope of the line, the diffusion coefficient can be determined using eq. (1). A linear relation of log,, (-dIn/dXn) vs. X2n is also obtained in the region III; however, it is found that the diffusion coefficient in the region III is larger than in the region II by one order of magnitude. According diffusion coefficient obtained from the region II corresponds to true volume (lattice) diffusivities. Therefore, in the present work diffusion coefficients were determined only from the region II. We will give a detailed discussion on the regions I and III later. Diffusion coefficients determined in such a way are listed in Table 1 . Fig. 6 shows the temperature dependence of diffusion coefficients. In the whole temperature range of the present investigation, the temperature dependence of the diffusion coefficient could be indicated by a single straight line. The leastsquares values for the temperature dependence of the diffusion coefficient is given by (2)
Diffusion of Cu in Al
In the diffusion of 64Cu in Al, all of the region I, II and III were observed as seen in the diffusion 198Au in Al. Fig. 7 shows a typical plot of log10 (-dIn/dXn) vs. Xn in the regions II and III for the diffusion of 64Cu in Al. An apparently linear relation of log,, (-dIn/dXn) vs. Xn is also obtained in the region III. The slope of the straight line in the region II is different from the region III. In Fig. 8 is shown the plot of log10(-dIn/ dXn) vs. X2n in the region II for three diffusion temlines correspond to the range of the region I. The diffusion coefficients determined from the region II in Fig. 7 and Fig. 8 are listed in Table 2 , and the plot of log10 D vs. 1/T is shown in Fig. 9 . The temperature dependence of the diffusion coefficient calculated by the method of least squares is given by: Table 2 Diffusivity of copper in aluminum. 
Values obtained by the previous workers(16)(19) are also included in Fig. 9 that the experimental procedures and analyses in the present work for determination of diffusivities •of both Au and Cu in Al from the region II are satisfactory.
IV. Discussion 1. Comparison of present results with selfdiffusivity and diffusivities of other in aluminum Table 3 summarizes values of the pre-exponential factor (De) and activation energy (Q) for diffusion of Au and Cu in Al, obtained by the present work along with the values for the self-diffusivity and diffusivities of other impurities in Al obtained by the previous investigators, in comparison with the solid solubility of the diffusing atom in Al. In spite of the very low solid solubility of Au in Al, the pre-exponential factor and activation energy for diffusion of Air in Al were very similar to those for diffusion of Al, Cu, Ag and Zn in Al. Taking Fe as an example for elements which have low solid solubility in Al, the pre-exponential factor and activation energy for diffusion of Fe in Al are very different from those for Au, as shown in Table 3 . Judging from the values of Dc and Q, it may be concluded that diffusion of Au in Al occurs by the vacancy mechanism as in the diffusion of Cu and Ag in Al. Fig. 10 shows the temperature dependence of diffusivities of Al, Zn, Ag, Cu and Au in Al in the Sawayanagi, the diffusivities of Au in Al is higher than those for Ag in Al.
When the diffusivities of impurities in Al are divided into groups according to the solid solubility of the diffusing atom in Al, it may be abnormal that diffusion of Au in Al is faster than the self-diffusion of Al. But when the cause of the low solid solubility of Au in Al is carefully examined, it cannot be expected that Do and Q for the diffusion of Au in Al are unusually smaller than those for self-diffusion of Al. Namely, with regard to the difference of the atomic radius and valence between solvent atom and solute atom, as main factors determining solid solubility, the relation between Al and Au is nearly the same as between Al and Ag. Moreover, the low solid solubility of Au in Al may be attributed to the exsistence of the very stable intermetallic compound, A12Au, in the Al-Au system. Except the diffusion of Au in Al, Do and Q for the diffusion in Al of the impurity which has low solid solubility in Al (especially for the transition metal elements) are abnormally llow compared with those for self-diffusion of Al, as shown in Table 3 . It has been suggested(1) that it is difficult for these elements to occupy the true substitutional lattice site of Al and then the shorteircuiting flux along dislocation may exceed the flux through the lattice by the vacancy mechanism. The very low diffusion rate of transition metal elements in Al has also been predicted by the investigation of the recrystallization and precipitation in the Al alloys containing these elements. The large difference of the diffusion characteristic in Al between the noble metal elements and the transition metal elements may be attributed to the electronic structure of these elements, particularly the existence of incomplete d-shell in the transition metal atoms. The rate of impurity diffusion can be directly connected with the solid solubility of diffusing atoms in the solvent if the factor determining each characteristic is the same. However, the extremely low solid solubility of diffusing atoms in the solvent may not be a sufficient condition for the low diffusion rate of an impurity in the solvent.
At present, four data of the self-diffusion of Al are available. They have been determined by the tracer method and the nuclear magnetic resonance (NMR) method. However, the data on the self-diffusion of Al determined using radioactive tracers(22)(23) at higher temperatures do not agree with the extrapolation of the lower temperatures data obtained by NMR. As shown in Table 3 , the activation energy for the self-diffusion -of Al differs among workers, and at present it is difficult to find the most appropriate value from them. Here, it can be temporarily concluded only that the activation energy for the self-diffusion in Al ranges from 29 to 34 kcal/mol. Swalin(29) has suggested that the atomic size difference between the solute and the solvent contributes to the activation energy of impurity diffusion. The atomic sizes of Au and Ag are nearly the same as Al, and in accordance with Swalin's theory, the activation energy for the diffusion of Au and Ag in Al are very close. However, in spite of the smaller atomic size of Cu and Zn than that of Al, the activation energies for the diffusion of Cu and Zn in Al are also nearly the same as the self-diffusion of Al; thus no distinct difference as expected from the Swalin's theory can be found. On the other hand, according to Lazarus(30) and LeClaire(31), the difference between the activation energy for impurity diffusion and that for self-diffusion of the solvent is related to the valence difference between the solute and the solvent. However, in spite of the smaller valence of Au, Ag, Cu and Zn than Al, the activation energy for the diffusion of these atoms in Al is nearly the same as that for the self-diffusion of Al. Consequently, as far as the activation energy is concerned, impurity diffusion in Al can be immediately connected neither with the atomic size nor the valence of impurity atom.
It is generally suggested by the results of the experiments of quenched-in vacancy that the interaction energy (Bo) of an impurity atom with a vacancy of neighbours to the impurity atom makes an important contribution to the activation energy for impurity diffusion. If an impurity atom strongly interacts with a vacancy, the activation energy for impurity diffusion is given by the following equation (32): (4) where E;, is the activation energy for migration of solute atom (here, gold atom), corresponding to the activation energy for migration of a vacancy-solute atom pair and Ej is the formation energy of a single vacancy in Al. If the impurity diffusion coefficient in Al is nearly equal to the self-diffusion coefficient of Al, the migration energy of a single vacancy in pure Al or in a dilute Al alloy may be taken as an approximate value of En, for the impurity in Al. Here, we adopt 0.68eV(33) for Esm, and take 0.73eV(34) as the most probable value of Evf in eq. (4). Thus, for Q=1.39eV, eq. (4) gives 0.02 eV as the value of B0. Therefore, the strong interaction between Au atom and a vacancy is not expected from the result of diffusion. On the other hand, a considerably larger value of Bo, 0.38eV, was reported by Doyama(35) on the basis of his quenching experiments of Al-Au alloys. In the investigations of quenched-in vacancies in alloys, impurities are assumed to be isolated from each other. However, in view of the experimental result(10) that at low temperature the G-P zones form rapidly in Al-Au alloys, the above assumption appears not necessarily reasonable and the large binding energies deduced from the quenching experiments may reflect the binding between a vacancy and a cluster of several Au atoms rather than between a vacancy and a single Au atom. Further the strong binding between the impurity atom and a vacancy supposed in the investigation of quenched-in vacancies (5) where f is the correlation factor for the impurity diffuvibrational frequency of the solute atom around vacancy, value(36) off is 0.78 for the self-diffusion by vacancy mechanism in pure fcc metal. For impurity diffusion, f is smaller than 0.78 when the interaction between the impurity atom and a vacancy is strong. It is assumed to be 0.78 for the diffusion of Au in Al, since the strong interaction between Au atom and vacancy in the temperature range of diffusion cannot be expected is assumed to be equal to the Debye frequency (1013 in Al is estimated as 5.9. This value is listed in Table  3, in comparison with the values for the self-diffusion of Al and other impurity diffusion in Al. The values 5.9, due to dispersed values of Do among workers. The than that for the self-diffusion of Al calculated using Adda's result. When the activation energy for impurity diffusion is nearly close to that for the self-diffusion as in the present case, the larger diffusivity of impurity diffusion must be attributed to the larger value entropy for impurity diffusion has not yet been made and the origin of the high activation entropy for the diffusion of Au in Al remains unsolved.
Near-surface effect
The overshadowing influences of the regions I and III in the penetration curve bring about error in the determination of the volume diffusivity from the region II.
Appearance of the region I is usually called the near-surface effect (NSE), of which the following characteristics are observed in the present investigation:
(1) The concentration gradient is very steep compared with that in the region II, as if the tracer atoms were trapped in the region near the surface, (2) NSE is observed in the impurity diffusion of both Au and Cu in Al, (3) NSE is more clearly observed at relatively lower temperatures, and (4) depth of the region I decreases with diffusion time, and disappears at last. The presence of NSE is also reported in the diffusion of 54Mn(22) and 110Ag(25) in Al. However, such a clear NSE as in the present case of Au in Al has not been reported.
NSE has also been reported in various explanations have been proposed for its origin as follows:
(1) Extremely low solid solubility of the diffusing atom in the solvent (41), (2) the tendency for the diffusing atoms to remain near the surface according to so-called Gibbs' absorption effect (15)(37), (3) the low vacancy concentration near the surface due to the sink action of the surface(45)(46), (4) the possibility that the apparent diffusion distance near the surface is estimated shorter than the real distance due to surface roughness (49), (5) the existence of an oxide film on the original surface of the specimen and (6) the error in sectioning unparallel to the original surface of the specimen.
Judging from the presence of NSE in the diffusion of 64 Cu and 110Ag(21) in Al , it is most unlikely that low solubility of the diffusing atom in the solvent is important in the present case. The explanation (4) appears. to be of particular importance in the determination of very small values of D, say D<10-15 cm2/sec from the penetration curve near the surface. However, this explanation can be ruled out, because NSE extends over a few microns in the present work. Since particular care was taken to minimize the oxide film of Al during electroplating, the explanation (5) can also be ruled out. However, with regard to the sectioning technique, the following problem remains in the mechanical grinding method used in the present investigation. In this method it is very difficult to perform sectioning exactly perpendicular to the direction of diffusion. The error produced by the sectioning procedure is found to be negligible in the measurement of I,, in the region with a gentle concentration gradient, insofar as the residualactivity method is used. On the other hand, in a narrow region adjacent to the interface between the electroplated. layer and the original surface of the specimen, the change in the concentration of the tracer is so large that possible errors in the sectioning procedure will make the value of I,, higher than the real value due to additional counting of the remained electroplated layer. The explanations (2) and (3) must be always taken into account.
However, the explanation based on a low vacancy concentration may not be appropriate, because NSE has not been observed in the self-diffusion of Al. Although the origin of NSE is not yet identified, its effect can be overcome by the normal diffusion, when the specimens are diffused sufficiently. The pre-exponential factor and activation energy for diffusion of Au in Al are very similar to those for diffusion of Al, Cu, Ag, and Zn in Al, and it is suggested that the volume diffusion of Au in Al occurs by the vacancy mechanism.
The diffusivities of Au in Al were found rather greater than those of Al and Cu in Al. Such a difference can be attributed to the variation in the activation entropy.
Although gold has extremely low solid solubility in Al, the characteristics of the diffusion of Au in Al were substantially different from those of other elements , in particular the transition metal elements, which are only slightly soluble in Al.
The diffusivities of Cu in Al determined by the present work were in excellent agreement with the results by the previous workers. (57) as shown in Fig. 11 and Fig. 12 . In addition, the region I is observed for the diffusion of 60Co(55)(60) 51Cr(55) 59Fe(56)(60) and 115mCd (56) in aluminum and the diffusion of 110Ag (56) in aluminum alloyed with 1at% copper or 1at% silver. Both the regions I and III are observed for the diffusion of 147Nd(60) in aluminum. 
